Oligodeoxynucleotide probes were developed for identification of the periodontal bacteria Actinobacillus actinomycetemcomitans, Bacteroides gingivalis, B. intermedius types I and II, B. forsythus, Eikenella corrodens, Fusobacterium nucleatum, Haemophilus aphrophilus, Streptococcus intermedius, and Wolinella recta. Probes were designed by sequencing the 16S rRNA for each bacterium, identifying hypervariable regions, and chemically synthesizing species-specific probes. These probes were specific when tested against a panel of nucleic acids from closely related bacteria.
Substantial evidence demonstrating the role of plaque bacteria in the etiology of periodontal diseases has been gathered (7, 16) . Implication of specific microbes in disease has been based on their presence and relative numbers in healthy versus diseased subgingival sites. Traditionally, this correlation has been hampered by the time-consuming and tedious processes involved in using phenotypic markers for identification of the numerous aerobic and anaerobic species found in the oral microbiota.
More recently, identification of bacteria has been done on the basis of genomic similarities. One approach has been the use of whole-cell DNA probes which can identify pure isolates of Bacteroides spp. and other bacterial species (4, 10, 11, 18, (21) (22) (23) . Although these methods are more convenient and cost effective than conventional techniques, they are unsuitable for use with highly mixed samples, such as subgingival plaque, because of the genomic homologies between closely related species (9, 23 ).
An alternative and potentially more specific approach is based on the sequence divergence of rRNAs (3, 5, 12, 17, 25) . The nucleotide sequences of rRNAs have been largely conserved through evolution but contain regions which are divergent. Many of these changes exist in blocks, allowing synthesis of probes which can easily distinguish between very closely related species (2, 6) .
We report here the design and testing of a panel of oligodeoxynucleotide probes for 10 species of oral bacteria, 8 
MATERIALS AND METHODS
Bacterial cultures. Bacteria were cultured in supplemental brain heart infusion broth (13) . The reference strains listed in Table 1 (15) .
Sequencing of 16S rRNA and synthesis of oligodeoxynucleotide probes. The sequencing protocol was a modification of the dideoxynucleotide-terminated chain elongation method (20) as adapted for rRNA templates (12) . Universal sequencing primers were as previously described (12) . The following two additional primers were designed and used for sequencing: 5'-CACGA(G/A)CTGACGACA(G/A)CCATGC-3' and 5'-TACGG(A/C/G/T)ATACCTTGTTACGAC-3'. Sequences were compared with other 16S rRNA sequences (8) , and oligodeoxynucleotide probes were designed for maximum species specificity.
Oligodeoxynucleotide probes were synthesized on an Ap-320 DIX ET AL. Table 1 .) The probes listed in Table 1 for each species were combined and tested as a species mixture.
and Fn-3 probes. Figure 3 shows the titration of signal intensity over a range of 0 to 4 x 10 F. nucleatum bacteria. The level of detection under these conditions was approximately 200 bacteria. With the probes listed in Table 2 , the level of detection was approximately 103 bacteria for the remaining bacteria listed in Table 2 .
Since this level of detection was appropriate for measurement of bacteria from plaque samples, 17 plaque samples were tested with probes for B. gingivalis, B. intermedius, or F. nucleatum. These samples were from individuals with evidence of moderate or severe periodontal disease, as defined by pocket depths of 4 to 12 mm. Most of the samples hybridized to F. nucleatum probe Fn-1 (Fig. 4) . This was not surprising, since Fusobacterium species are common oral bacteria (24) . In contrast, only a subset of samples hybridized with the B. gingivalis or B. intermedius probes. Note
The analysis indicated that all probes were species specific and did not cross-hybridize with closely related species, with one exception. The F. nucleatum probes were not specific. Probe Fn-i cross-hybridized with F. mortiferum and F. periodonticum and Fn-2 and Fn-3 also hybridized to F. periodonticum. A summary of the specificities of the probes is presented in Table 2 .
Relative specificities of genomic and oligodeoxynucleotide probes. A comparison of the relative specificities of the oligodeoxynucleotide probes and genomic probes is shown in Fig. 1 and 2 . It is clear that the oligodeoxynucleotide probes can be designed to distinguish between closely related species which contain homologous DNA sequences, for example, H. aphrophilus and A. actinomycetemcomitans ofB. intermedius types I and II (Fig. 1) . In contrast, genomic probes from these microbes cross-hybridized to a significant degree (Fig. 2) .
Detection of periodontal bacteria in clinical samples. Because periodontal bacteria can be pathogenic when present as 1% of the total bacteria inhabiting a plaque sample (16) , direct detection of bacteria from plaque samples requires detection sensitivity as well as specificity. To determine the detection limit for oligodeoxynucleotide probes, purified nucleic acids from known quantities of F. nucleatum bacteria were hybridized against a mixture of labeled Fn-1, Fn-2, were targeted to A. actinomycetemcomitans and H. aphrophilus, respectively, were species specific. The specificity derives from the sequence diversity in the rRNA region complementary to Aa-2 and Ha-2. The two probes, which target the same rRNA region, have six mismatches in a 24-base region ( Table 2 ). This is easily sufficient to prevent hybridization to an inappropriate target (1). (Bi-1) , and F. nucleatum (Fn-1) and three universal sequencing probes (12) . Autoradiographs were visualized at 6 h and 3 days for the universal-sequence-probed membranes and the remaining membranes, respectively. that both Bg-1 and Bg-3 hybridized to the same plaque samples with the same intensity. Since both probes appear specific, B. gingivalis was probably detected directly in these samples from patients with diagnosed disease. Universal probes which hybridize to all rRNAs were a control to show the relative levels of rRNAs in each plaque sample. DISCUSSION Elucidating the role of specific bacteria in the periodontal disease process requires accurate detection of specific microorganisms from mixed populations. The oligodeoxynucleotide probes described here have a high degree of specificity when hybridized with a panel of potential cross-hybridizing species. Only the F. nucleatum probes had unexpected cross-hybridizations with two related species, F. mortiferum and F. periodonticum. Sequencing of 16S rRNA from F. periodonticum revealed that it is identical in the region complementary to the three oligodeoxynucleotide probes. Sequencing of 16S rRNA from F. mortiferum revealed that the region complementary to Fn-1 contains one mismatch at the 3' end of the probe.
These chemically synthesized probes were more specific than probes made from complete genomic sequences. This feature is critical in distinguishing between closely related 
